Objective: Oocyte degeneration often occurs after intracytoplasmic sperm injection (ICSI), and the risk factor is low-quality oocytes. The follicular fluid (FF) provides a crucial microenvironment for oocyte development. We investigated the relationships between the FF volume aspirated from individual follicles and oocyte retrieval, oocyte maturity, oolemma stretchability, fertilization, and development. Methods: This retrospective study included data obtained from 229 ICSI cycles. Ovarian stimulation was performed according to a gonadotropin-releasing hormone antagonist protocol. Each follicle was individually aspirated and divided into six groups according to FF volume ( < 1.0, 1.0 to < 2.0, 2.0 to < 3.0, 3.0 to < 4.0, 4.0 to < 5.0, and ≥ 5.0 mL). Oolemma stretchability during ICSI was evaluated using a mechanical stimulus for oolemma penetration, that is, the stretchability was assessed by oolemma penetration with aspiration (high stretchability) or without aspiration (low stretchability). Results: Oocyte retrieval rates were significantly lower in the < 1.0 mL group than in the ≥ 1.0 mL groups (46.0% [86/187] vs. 67.5%-74.3% [172/255 to 124/167], respectively; p< 0.01). Low oolemma stretchability was significantly more common in the < 1.0 mL group than in the ≥ 1.0 mL groups during ICSI (22.0% [13/59] vs. 5.8%-9.4% [6/104 to 13/139], respectively; p= 0.018). There was a relationship between FF volume and oolemma stretchability. However, there were no significant differences in the rates of fertilization, cleavage, ≥ 7 cells at day 3, and blastocyst development among all groups. Conclusion: FF volume is potentially associated with the stretchability of metaphase II oolemma during ICSI. Regarding oolemma stretchability, ensuring a uniform follicular size during ovarian stimulation is crucial to obtain good-quality oocytes.
Introduction
During intracytoplasmic sperm injection (ICSI), the human oolemma may be penetrated without additional mechanical stimuli, such as aspiration and piezo-pulses, several times because of low oolemma stretchability/flexibility. Subsequently, oocyte degeneration is occasionally experienced. The incidence of oocyte degeneration after ICSI has been reported to be 5% to 15% [1, 2] , and the risk factors involve oocyte quality [3] [4] [5] [6] [7] and operator skill/technique or use of microtools [8] [9] [10] . Rosen et al. [11] reported that oocyte degeneration following ICSI is not technician-dependent and that degeneration is likely related to inherent oocyte quality in patients who are under ovarian stimulation.
Previous studies have reported on the relationship between human oocyte degeneration following ICSI and oocyte cytoplasmic viscosity [3, 4] , oolemma stretchability/flexibility [5, 6] , or oolemma fra-gility [7] . Krause et al. [3] investigated the formation and persistence of the obligatory injection funnel after conventional ICSI and found that the funnel volume was higher in normal fertilized oocytes than in degenerated oocytes after conventional ICSI. Iwayama et al. [5] reported that the survival rate following piezo-ICSI was lower with low oolemma stretchability than with high oolemma stretchability. Moreover, Iwayama et al. [5] showed that the implantation rate was lower following low-stretchability oocyte-derived embryo transfer than following high-stretchability oocyte-derived embryo transfer. Therefore, for oocyte survival after ICSI, oocyte quality is crucial.
The follicular fluid (FF) provides a crucial microenvironment for follicular development, with chemical components such as hormones, growth factors within the transforming growth factor-β superfamily, interleukins, and antiapoptotic factors [12, 13] . The size of the follicle that provides the microenvironment to the oocyte has been shown to be related to steroid hormone levels in the follicle [14] , and steroid hormone levels in an individual follicle have been reported to affect oocyte maturity [15] and fertilization outcomes after ICSI [15, 16] . Moreover, follicle size/volume is related to oocyte maturity [17, 18] , and a cumulus-oocyte complex (COC) derived from < 1.0 mL of FF has been shown to be associated with a low in vitro fertilization rate [19] . Therefore, follicle size/volume is associated with oocyte quality. Several previous studies have analyzed the relationship between fertilization outcome and oolemma/cytoplasm quality [3] [4] [5] [6] [7] , as quality is a key factor for survival following ICSI; however, few reports have discussed the relationship between FF volume and oolemma/cytoplasm quality. The goal of the present study was to investigate the relationship between the FF volume aspirated from individual follicles and rates of oocyte retrieval, oocyte maturity, oolemma stretchability, fertilization, and development during ICSI.
Methods

Patients
This retrospective study was conducted using data from 229 ICSI cycles performed between February and September 2015. The mean ( ± standard deviation) age of the women was 39.0 ± 4.7 years (range, 26-47 years). Informed consent was obtained for all procedures. All procedures were performed in accordance with the Declaration of Helsinki.
Ovarian stimulation/oocyte retrieval
Ovarian stimulation was performed according to a gonadotropin-releasing hormone (GnRH) antagonist protocol. A GnRH antagonist (Cetrotide; Shionogi & Co., Osaka, Japan) and human menopausal gonadotropin (ASKA Pharmaceutical Co., Tokyo, Japan) were used in the protocol. When at least two follicles reached 18-20 mm in diameter (as determined by transvaginal ultrasonography), 5,000 IU of human chorionic gonadotropin (Fuji Pharma Co., Tokyo, Japan) was administered. Oocyte retrieval was performed 36 hours after the human chorionic gonadotropin injection. The diameter of each follicle was measured, and each follicle was individually aspirated and collected. The FF volume aspirated from each follicle was measured using a 10-mL syringe (Terumo Corp., Tokyo, Japan) that was connected to an ovum pick-up needle (Kitazato OPU Needle; Kitazato Corp., Shizuoka, Japan) on first aspiration. The FF then was decanted into a 60-mm dish (Corning, Corning, NY, USA) and the COC was harvested. If no COC was obtained in the original aspiration, flushing was performed five times. Initial aspirates, which contained large amounts of blood, were excluded from the analysis. FF volume was divided into the following six groups: group A, < 1.0 mL; group B, 1.0 to < 2.0 mL; group C, 2.0 to < 3.0 mL; group D, 3.0 to < 4.0 mL; group E, 4.0 to < 5.0 mL; and group F, ≥ 5.0 mL. Each COC was individually obtained, placed into a 5-mL Falcon round-bottom tube (Corning) containing HFF99 medium (Fuso Pharmaceutical Industries, Osaka, Japan) with a 10% serum protein substitute (Kitazato Corp.), and cultured for 2 to 3 hours until denudation.
Intracytoplasmic sperm injection
Oocytes were freed from cumulus cells using 0.05% hyaluronidase (Sigma-Aldrich, St. Louis, MO, USA) dissolved in modified human tubal fluid medium (Kitazato Corp.) by pipetting. After denudation, metaphase II (MII) oocytes were cultured for ≥ 1 hour [20] . Immobilization of motile sperms was performed in a 5-μL drop of 5% polyvinylpyrrolidone (Irvine Scientific, Santa Ana, CA, USA) dissolved in a modified human tubal fluid medium with a 10% serum protein substitute. Oocytes were inseminated through ICSI using injection pipettes (inner diameter, 4.7 μm; outer diameter, 6.0 μm [Cook Medical, Bloomington, IN, USA]) [21] . Oolemma stretchability during ICSI was evaluated using a mechanical stimulus for oolemma penetration, that is, the stretchability was assessed by oolemma penetration with aspiration (high stretchability) or without aspiration (low stretchability). On the following day, oocyte fertilization and degeneration were confirmed. Fertilized eggs were individually cultured (in 6% CO2, 5% O2, and at 37°C) in a 20-μL drop of Global total medium (LifeGlobal Group, Guilford, CT, USA) covered with light mineral oil (Oil for Embryo Culture, Irvine Scientific) on a 60-mm dish until day 6, until the embryo was cryopreserved at day 3, or until a fresh embryo transfer was performed. The medium change was performed at days 1, 3, and 5.
Statistical analysis
The mean age of the patients was evaluated using one-way analysis of variance. Consequently, the mean age of the patients was evaluated using the Tukey-Kramer post-hoc test, and these data are presented as mean ± standard deviation. The rates of oocyte retrieval, oocyte maturity, fertilization, embryo cleavage, ≥ 7 cells at day 3, and blastocyst development were evaluated using the chi-square test and residual analysis. A p-value of < 0.05 was considered to indicate statistical significance.
Results
Follicular diameter was correlated with the FF volume aspirated from individual follicles (Spearman rank-order correlation coefficient, 0.832; p < 0.001, data not shown). Values are presented as mean ± standard deviation or number (%). The mean age of patients was evaluated using one-way analysis of variance. Consequently, the mean age of patients was evaluated using the Tukey-Kramer post-hoc test. The rates of ovarian stimulation and stretchability were evaluated using the chisquare test and residual analysis. A p-value of < 0.05 was considered to indicate statistical significance. ICSI, intracytoplasmic sperm injection; MII, metaphase II. a) p< 0.05. Table 3 . Relationship between the volume of follicular fluid aspirated from individual follicles and the fertilization rate Data regarding the relationship between oolemma stretchability and FF volume during ICSI were also analyzed. The mean age of patients was not significantly different among all groups (Table 2 ). Oolemma stretchability was significantly less common in group A than in the other groups during ICSI (22.0% [13/59] vs. 5.8%-9.4% [6/104 to 13/139]; p= 0.018) ( Table 2 ).
There were no significant differences in the rates of oocytes with two pronuclei (PNs) and two polar bodies, oocytes with one PN, oocytes with multiple PNs, unfertilized oocytes, and degenerated oocytes after ICSI among all groups (Table 3) . Moreover, regarding embryo development, there were no significant differences in the rates of embryo cleavage, ≥ 7 cells at day 3, and blastocyst development after ICSI among all groups (Table 4) . A relationship was noted between FF volume and MII oolemma stretchability.
Discussion
This study demonstrated that the oolemma of MII oocytes from individual follicles with a low FF volume were more likely to have low stretchability. This result suggests that the FF volume of individual follicles may be associated with MII oolemma stretchability.
The present data show that the FF volume was correlated with follicular diameter, which is consistent with the findings of Arashiro et al. [22] . We focused on the relationship between follicle shape and follicle diameter under two-dimensional transvaginal ultrasonography. Round and polygonal follicles tended to have the largest mean diameter. However, follicles are rarely spherical; most are elliptical, owing to follicular overcrowding. Thus, the volume of ellipsoid follicles measured with ultrasonography was overestimated as often as it was underestimated [23, 24] . Accordingly, we investigated the relationship between FF volume and oolemma stretchability.
The present results indicate that the rate of oocyte retrieval from < 1.0 mL of FF was low, and even if the COC was obtained, the rate of immature oocyte retrieval was high. Lee et al. [25] showed that the rate of mature oocyte retrieval was low when the FF volume was < 3.0 mL and that the FF volume was related to oocyte maturity. Moreover, previous studies have reported that a low rate of oocyte maturity was associated with a small follicular diameter [17, 26] . Accordingly, the present results show that FF volume and follicular diameter were related to the rate of oocyte maturity. In this study, low oolemma stretchability was significantly more common when the aspirated FF volume was < 1.0 mL during ICSI. A previous study showed that the follicular size was related to the contents of the FF, such as the levels of steroid hormones [14] , which can affect the oocyte quality of individual follicles [15, 16] . Therefore, we speculate that differences in the microenvironment, such as the steroid hormone levels in the FF, are potentially associated with oolemma stretchability during ICSI.
In a previous study with mice, a significantly less viscous cytoplasm was noted for younger eggs (8-12 weeks old) than for older eggs (40-45 weeks old, near the end of the reproductive lifespan; an analog to human female infertility associated with advanced maternal age [ ≥ 35 years]) [27] . These results suggest that oocyte quality, represented by factors such as the cytoplasm and oolemma, may be lower for patients of advanced maternal age. In this study, the mean age of the patients was not different among all the groups, suggesting that human oolemma stretchability was not related to the age of the patients. Hence, the main cause of low stretchability in this study is unlikely to have been the age of the patients.
Several studies have reported on the relationship between follicular size/volume and the fertilization rate following ICSI [17, 25] . In one study, the fertilization rate following ICSI was affected by follicular size [17] . In contrast, Lee et al. [25] reported that FF volume did not affect the fertilization rate, as FF volumes of < 3.0 mL, 3.0 to ≤ 5.0 mL, and > 5.0 mL were associated with fertilization rates of 72.15%, 77.99%, and 72.47%, respectively. The present study showed that FF volume was not associated with the rates of fertilization and oocyte degeneration.
Moreover, we found that FF volume was not associated with the rates of embryo cleavage, ≥ 7 cells at day 3, and blastocyst develop- ment. This is consistent with Salha et al. [19] , who showed that follicular size and oocyte development factors, such as cleavage, implantation, clinical pregnancy, and live birth, were not closely related and were independent of each other. The present study has some limitations because of the retrospective nature of the analysis. First, the relationships between FF volume and the rates of chemical/clinical pregnancy and live birth were not analyzed because we frequently performed two-step embryo transfer [28] or implanted two embryos/blastocysts into a patient's uterus according to the guidelines of the Japan Society for Obstetrics and Gynecology [29] . Second, because the levels of the FF contents, such as steroid hormones, transforming growth factor-β, and interleukins, in independent follicles were not measured in this study, we cannot describe the characteristics of FF composition in detail. Third, the oolemma stretchability analysis may have been less objective than force measurement using an oocyte microinjection system [27, 30] . However, to ensure objectivity, the category of high stretchability was included regardless of the distance between the penetration point of the oolemma and the edge of the injection pipette during aspiration.
Moreover, cytoplasmic viscosity [4] and morphology [31] of the oocyte are not related to the stimulation protocol. In contrast, the quality of the zona pellucida is dependent on the ovarian stimulation protocol [32] . Future studies investigating the effects of the GnRH agonist protocol on MII oolemma stretchability are planned.
In conclusion, FF volume is potentially associated with human oolemma stretchability during ICSI. To date, during ovarian stimulation, coordination of follicular size and oocyte maturity has been the focus. For the coordination of follicular development in ovarian stimulation, pretreatment with luteal estradiol [33] or oral contraceptive pills [34] is performed, and a decrease in follicle-stimulating hormone is prevented in the late follicular phase [35] . In terms of oolemma stretchability and oocyte maturity, ensuring uniform follicular size during ovarian stimulation is crucial for obtaining good-quality oocytes.
